The dielectric reliability for polycrystalline and multilayered BaTiO 3 thin films has been evaluated using time-zero and time-dependent dielectric breakdown techniques. The histogram of dielectric breakdown for multilayered BaTiO 3 thin films showed a typical Weibull distribution in contrast to a random distribution when compared with polycrystalline BaTiO 3 thin films. The measurement resulted in that the 400 nm-thick multilayered BaTiO 3 thin film sustained about 10 5 hour-long operation at 1 MV/cm, showing superior properties when compared with polycrystalline. The smaller leakage current level was obtained for a multilayered BaTiO 3 film having a relatively thick underlayer of polycrystalline BaTiO 3 film. The value of the breakdown field was smaller at the thicker multilayered BaTiO 3 while the distribution of the breakdown widened for thicker film. Analysis of the roughness for the films confirmed that the field breakdown mechanism ͑e.g., lowering and spreading͒ is related to the surface roughness of the topmost layer which varies with the thickness of underlying polycrystalline BaTiO 3 . The reduced leakage current at the thick multilayered BaTiO 3 was due to the presence of a wide transition layer between polycrystalline and amorphous BaTiO 3 .
I. INTRODUCTION
Alternating current thin film electroluminescent device ͑ac TFELD͒ consists of a phosphor layer sandwiched between two insulating layers. The operating characteristics of the TFELD will therefore depend on the properties of the insulating layers and the phosphor layer. The insulating layers in TFELD should have high dielectric reliability as well as a high figure of merit (⑀ϫE bd ) in order to achieve both the low power consumption and the stable operation of the device. The dielectric reliability of the insulating films generally depends on the leakage current, the dielectric breakdown strength, and other parameters such as temperature, moisture, and type of applied stress.
When a polycrystalline BaTiO 3 thin film, having a high dielectric constant but comparatively low breakdown field, was used as an insulating layer for the TFELD, it was found that the efficiency of the TFELD decreases because of the high leakage current of the polycrystalline BaTiO 3 layer. 1, 2 However, recent research work has shown that, by a new stacking method, [1] [2] [3] multilayered BaTiO 3 thin film can be fabricated where both the high dielectric constant ͑ϳ100 at 1 kHz͒ and high dielectric breakdown strength are achievable features. Furthermore, the above study presented that a multilayered BaTiO 3 thin film also can be successfully applied to the lower insulating layer for highly efficient TFELD. 2, 3 In this work, the dielectric reliability of the polycrystalline and the multilayered BaTiO 3 thin films were evaluated using techniques such as the time-zero dielectric breakdown ͑TZDB͒ with ramp-voltage-stressed I-V [4] [5] [6] and, the timedependent dielectric breakdown ͑TDDB͒ with constantvoltage-stressed I-t. [4] [5] [6] [7] [8] [9] [10] These results were used to estimate the electrical stability and the lifetime of TFELD. The change in composition with the structure and thickness of multilayered BaTiO 3 was measured by Auger electron spectroscopy ͑AES͒. Atomic force microscopy ͑AFM͒ was adopted to examine the surface roughness of the BaTiO 3 films. The histogram of the dielectric breakdown induced from the TZDB measurement showed the high-field intrinsic dielectric integrity of the BaTiO 3 thin films. The time-tobreakdown characteristics were obtained from the TDDB measurement. TDDB measurements also yielded the electric field acceleration factor directly related to the reliability of the multilayered BaTiO 3 and, using the electric field acceleration factor, the lifetime of the thin film was estimated. 4, 5, 11 Finally, the relationship between the dielectric breakdown characteristics, the transition region, and the surface roughness of the multilayered BaTiO 3 thin films is discussed.
II. SPECIMEN PREPARATION AND MEASUREMENT
In this work, the authors fabricated two types of films, namely, a polycrystalline BaTiO 3 ͑poly-BT͒ and a group of multilayered BaTiO 3 ͑multi-BT͒. All BaTiO 3 thin films were prepared by the rf-magnetron sputtering technique on glass ͑Corning 7059͒ coated with indium tin oxide ͑ITO͒ having a sheet resistance of about 20 ⍀/ᮀ. A 4 in. BaTiO 3 ceramic disk sputtering target with a 99.99% purity was used. The base pressure in the chamber was adjusted to 5ϫ10 Ϫ5 Torr and the pressure during the deposition was maintained at 4 m Torr of an Ar and O 2 (20%) gas mixture.
The poly-BT thin films were deposited on the substrates heated at 550°C. Our multi-BTs were fabricated using the new fabrication process reported elsewhere. 2, 3 The thickness of single poly-BT thin film was about 200 nm. In the case of a group of multi-BT thin films, the thickness of underlying poly-BT layer was varied from 100 to 600 nm, while the a͒ Electronic mail: lyh@kistmail.kist.re.kr b͒ Orion Electric Co., Kumi, Korea. thickness of the topmost amorphous BaTiO 3 ͑a-BT͒ layer was fixed to 100 nm. Aluminum top electrodes of 0.7 mm in diameter were formed onto the thin film by thermal evaporation and then the electric properties of the capacitors with metal-insulator-metal structure ͑ITO/multi-BaTiO 3 /Al͒ were characterized.
The thickness of the prepared thin film was measured by stylus of Tencor ␣-200 model. The crystallinity of the thin films was studied by x-ray diffraction measurements. TZDB and TDDB characteristics were obtained by a fully automated Keithley 237 high voltage source and measuring unit. In this measurement the breakdown field of capacitor was defined as the applied field at which the leakage current exceeded 1 mA. Time-to-breakdown was monitored over the time interval of 0-1000 s.
III. RESULTS AND DISCUSSION
A. Behavior of the electrical conductions for polycrystalline and multilayered BaTiO 3 thin films Figure 1 shows the I-V characteristics of the poly-BT and the multi-BT thin films where the leakage current of 200 nm-thick poly-BT thin film is higher than those obtained for multi-BT thin films. This result is due to the PooleFrenkel conduction in the poly-BT.
3 Figure 1 is logarithmically reproduced in Fig. 2 using the J͑current density͒/ E͑electric field͒ versus E 1/2 from which the Poole-Frenkel conduction can be recognized. On a logarithmic scale, the linearity of the J/E versus E 1/2 in the poly-BT in Fig. 2 indicates that conduction mechanism of the poly-BT is the Poole-Frenkel conduction. Lower conduction in the 200 nm thick multi-BT suggests that they have the superior insulating property when compared with the 200 nm thick poly-BT. Figure 2 also shows the thickness dependence of the insulating property in the multi-BT. The different slopes under the high electric field for the multi-BT, however, suggest that the conduction of the multi-BT proceeds somewhat differently from the single-layered poly-BT. The layered structure of poly-BT/transition region/a-BT in multi-BT and AES profile presented in Fig. 3 could be one of the reasons of such a difference in slopes. 12 Considering the AES results, the improved insulating properties with the increase of the thickness of the underlying poly-BT can be ascribed to the increase of the thickness of the transition region, a possible microcrystalline layer, 13, 14 as shown in Figs. 3͑b͒-3͑d͒.
B. Studying influence of the surface roughness of the BaTiO 3 films on the dielectric breakdown field distribution by TZDB measurement
In order to investigate the distribution of dielectric breakdown under ramp-voltage-stress, 180 capacitors, which were prepared on a poly-BT and three multi-BT thin films, were tested with a step size fixed at 0.5 V. Figure 4͑a͒ shows the histogram of the dielectric breakdown for the poly-BT thin film whereas Figs. 4͑b͒-4͑d͒ show the same histogram but for multi-BT thin films. The histograms of the 400 and 700 nm thick multi-BTs showed the Weibull distribution typically applicable to failure in good insulating materials.
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On the other hand, the histogram of the 200 nm thick multi-BT shows a normal distribution whereas no distinct feature can be found in the same thick 200 nm thick poly-BT. Moreover, all breakdowns of the 200 nm thick poly-BT occur below 2 MV/cm, in contrast to the breakdown fields (E bd ) of some capacitors among the multi-BT where they exceeded 2 MV/cm. One of the most distinct features observed in Figs. 4͑c͒ and 4͑d͒ is the most frequent breakdown occurring at the lower values when compared with that of the thinner multi-BT. For a typical turnon field of TFEL device, all the E bd of the tested capacitors are above 1.2 MV/cm. It is not unreasonable therefore to assume that the multi-BTs are free from the low-field-defect-related breakdown mostly caused by impurities, pinholes, microcracks, and other types of defects. Overall, the breakdown strengths of poly-BT are inferior to those of the multi-BT indicating that the breakdown strength of the multi-BT depends on the ratio of the relative thickness of the lower lying layer ͑poly-BT͒ to the entire dimension multi-BT. In order to study the factor influencing the TZDB results and the breakdown histograms presented in Fig. 4 , the surface roughness of the BaTiO 3 films was examined using AFM as summarized at Table I. Since the AFM method is sensitive to vertical scales of just a few Å, the effect of the different deposition process and the stacking structure on the surface roughness can be realized easily. Table I indicates that the roughness of the poly-BT thin films is greater than that of the multi-BT thin films. The nonuniformity and the rough surface in the poly-BT are assumed to be the main sources of the weak spots at the insulator-metal junction under the high electric field of 1-2 MV/cm. 5 ͑See Fig. 5 .͒
C. Correlation of long-term stability with the transition width of multilayered BaTiO 3 film by TDDB measurement
To predict the long-term reliability, the time-tobreakdown (t bd ) in both samples was measured. The constant electric fields of 1.5, 2, 2.5 MV/cm and 1.3, 1.45, 1.6 MV/cm were applied to the capacitors of the 200 and 400 nm thick multi-BTs, respectively. In the case of the poly-BT, 1.0, 1.2, and 1.4 MV/cm were applied. Figure 6 shows the TDDB results of the 200 nm thick poly-BT, and the 200 and 400 nm thick multi-BTs as a function of the cumulative percentage failure to the stress time. Cumulative percentage failure tends to increase with the stressing time and this is similar to the results of the TDDB studies on SiO 2 , SiON thin films. [4] [5] [6] [7] [8] In Fig. 6͑c͒ , the slope becomes steeper as the electric field increases indicating that the evolution of the possible internal latent defects is accelerated by the increasing stress electric field. The latter causes a rapid degradation of the capacitors.
Finally, we estimated the lifetime of the dielectric thin films in order to obtain the electric field acceleration factor of the multi-BT thin film. Figure 7 shows the lifetime, defined as the time needed for 30% cumulative failure as a function of the electric field for a 400 nm thick multi-BT thin film. From the figure, we found that the time to 30% cumulative failure logarithmically decreases with the increase in the stress electric field. This observation is very similar to the trend of the Si-based insulating thin films. [4] [5] [6] [7] [8] The electric field acceleration factor ͑␤͒, that is the slope of straight line in Fig. 7 , for the 400 nm thick multi-BT film is about 15.1 in this experiment. In other words, the time to 30% cumulative failure of our 400 nm thick multi-BT films decreases by 10 Ϫ15 upon an increase of the stress electric field by 1 MV/ cm.
D. Characteristics of the multilayered BaTiO 3 films depending on the thickness of polycrystalline BaTiO 3 layer
The source of the roughness changes with the thickness of multi-BT is likely to be linked to the intrinsic nature of the underlying poly-BT layer and nearby interfacial region of the layer.
As far as the processing of multi-BT is concerned, the change in roughness of the multi-BT implies that the local interface reaction rate is not isotropic. It is known that BaTiO 3 are compressively stressed 12 and that this stress originates from the volume expansion during the formation of the interface between the poly-BT and the a-BT. The formation of the interface is related to the thickness of underlying poly-BT and its microscopic structure. Reaction at any particular interfacial site of poly-BT/a-BT requires accommodation of the increased volumes by the surrounding poly-BT and upper a-BT. If the accommodation affects the balance between the reaction rates alongside and normal to the poly-BT/a-BT interface, the roughness would consequently changes.
Furthermore, the observed TDDB behavior for the multi-BT films can be attributed to the induced stress at the grain boundaries of the columnar crystallites of poly-BT and a-BT. In general, oxide formation changes the stress appreciably and the incorporation of reactive gases O 2 is often a reason of the transition from tensile to the compressive film stress. Poly-BT shows a deviation from the stoichiometric composition that is larger than those of a-BT and thin multi-BT together with higher stress values. Considering the AES profiles for the multi-BT films, one can assume that the stress relaxation in the multi-BT is accompanied by the widening of the transition region between poly-BT and a-BT. Therefore, the multi-BT with a thicker transition region will show, in time, more stable operational characteristics. In addition, since the poly-BT has higher packing density than that of a-BT, the possibility for the evolution of latent defect which will be induced by the moisture penetration as well as the ambient gas ͑O 2 , CO, and CO 2 ͒ trapping is reduced for the multi-BT having the thicker poly-BT and thus, resulting in the longer time to failure.
The above results point to the following: ͑1͒ Enhanced insulating property was obtained in multi-BT with the thick- ness ratio of poly-BT:a-BTϭ1:1. ͑2͒ Breakdown field strength is directly related to the surface roughness of the topmost. ͑3͒ Relaxation of the stress, inevitably arising from the BaTiO 3 stacking process, is necessary for the long-term reliability and the minimization of stress can be achieved by fabricating a moderately thick poly-BT so that suitable thickness of the transition region was formed.
IV. CONCLUSION
In this study, the dielectric reliability of multilayered and polycrystalline BaTiO 3 thin films was evaluated using TZDB and TDDB techniques. The histogram of the dielectric breakdown for the 200 and 400 nm thick multilayered BaTiO 3 thin films resulted in a normal and the Weibull distribution respectively. It also showed the typical breakdown distribution of insulating films. On the other hand, the histogram of the polycrystalline BaTiO 3 thin film showed featureless random distribution.
In the case of the 400 nm thick multilayered BaTiO 3 thin film, we determined the electric field acceleration factor (␤ ϭ15.1) for the 30% cumulative failure from the relationship between the time to cumulative percentage failure and the stress electric field. From this result, we could predict the life time of about 10 5 h ͑11.5 yr͒ under the 1 MV/cm stress electric field.
We suggest the thickness of transition region and the surface roughness on the topmost layer as physical origins for the breakdown characteristics of multilayered BaTiO 3 thin films. However, this study did not give a detailed presentation of the initial electrical properties as well as the evolution of latent defect responsible for the long-term reliability. Therefore, more schematic TDDB measurements for the films with different thickness under the thermal stress along with AFM analysis will lead to an improved understanding of the surface effects induced by multistacking process and of the breakdown characteristics of multilayered BaTiO 3 thin film.
